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The application of thin titania films by atomic layer deposition on top of a low temperature
nanoparticulate TiO2 electrode was found to enhance the performance of dye sensitized solar cells.
Dynamic measurements of photoinduced charge extraction showed that the atomic layer deposited
top coat increased the electron lifetime at the same electron density. This was attributed to an
increased electron trap concentration, which resulted in slower charge transport and increased
charge carrier lifetimes.VC 2012 American Vacuum Society. [DOI: 10.1116/1.3670397]
I. INTRODUCTION
Dye sensitized solar cells (DSSCs) are a promising photo-
voltaic technology capable of harvesting photons in an envi-
ronmentally sustainable manner. These devices typically
consist of a mesoporous semiconductor layer onto which a
light harvesting dye is adsorbed. The generation of an elec-
tron and hole on illumination of the dye by photons creates a
photocurrent in the porous TiO2 layer and the cycle is closed
by reducing the oxidized dye with the electrolyte. There are
particular advantages of this technology, including the abil-
ity of cells to operate under low light intensity conditions
and the low cost of manufacture.1–3
To realize the full potential of low cost DSSCs, it is desir-
able to employ a high speed manufacturing process, such as
reel to reel printing on polymeric materials. A typical DSSC
requires sintering of the nanocrystalline TiO2 particles at
temperatures 400 C, which is too high for many heat
sensitive substrates. Considerable research has been con-
ducted into the use of low temperature titania nanoparticu-
late pastes4,5 in an effort to lower the processing temperature
for DSSCs. However, there are several issues that remain
unresolved when processing at temperatures below 200 C.
These include the low mechanical strength of the titania
films and the lack of nanoparticle connectivity, leading to
high impedance in the cell.6
A number of methods for improving DSSC performance
have been reported. These include the use of compact layers
between the TiO2 electrode and the underlying transparent
conducting oxide film; treatment of the TiO2 layer with
TiCl4 to improve particle connectivity; and coating the
titania electrode with a thin film of an insulator such as
Al2O3.
7–11 Atomic layer deposition (ALD) has been used for
the latter purpose in a number of recent studies.12,13 ALD is
a surface mediated deposition process that allows film
growth to be controlled on the nanoscale.14 A wide range of
materials can be deposited by ALD, including metals,
oxides, and polymers.15 The advantages of ALD when com-
pared to other deposition techniques include the self-limiting
film growth, separate dosing of reactants and control over
the film chemistry. These characteristics lead to conformal
coatings of high quality that are well suited to the treatment
of porous materials such as the TiO2 electrodes used in
DSSCs.
Initial studies by our group on the effect of coating the
TiO2 nanoparticle electrodes of liquid DSSCs with thin TiO2
films deposited by ALD found an enhancement in perform-
ance.16 The present study probes the basis for the observed
enhancement through the use of a number of characterization
tools. These are applied to matching pairs of samples pre-
pared from a commercially sourced, low temperature paste.
In each case, the ALD coating was applied to only one of
each pair of samples. While ALD alumina has been the film
material of choice in a number of studies,12,13 our currenta)Electronic mail: gerry.triani@ansto.gov.au
01A157-1 J. Vac. Sci. Technol. A 30(1), Jan/Feb 2012 0734-2101/2012/30(1)/01A157/5/$30.00 VC 2012 American Vacuum Society 01A157-1
work investigated, for the first time, the use of thin ALD
TiO2 films deposited at 120
C on TiO2 nanoparticle electro-
des prepared at low temperatures. This approach results in
the deposition of a semiconducting amorphous film through-
out the upper surface layer of the TiO2 electrode that is
expected to offer advantages over insulating alumina films.
II. EXPERIMENT
Anodes were prepared by coating cleaned FTO glass elec-
trodes (Asahi 12 X/sq) with a low temperature titania paste
(Peccell, PECC-01-06) by the doctor blading technique. The
nanoparticle component of this paste had an average size of
24 nm and a porosity of 63%. The resultant paste layer
was approximately 5 lm thick, and was heated in air at
150 C for 5 min. The active area of the cells was 0.55–0.67
cm2. Thin films of titania were deposited onto the Peccell
anodes by means of a flow-type hot-walled ALD reactor
(ASM Microchemistry Model F-120). The chamber was con-
tinually flushed with nitrogen gas flowing at 550 sccm, and
pressure was maintained at less than 1 mbar. The titanium
tetrachloride (TiCl4) and water precursors were delivered
from Peltier cooled reservoirs maintained at 20 C. A pulsing
sequence of 0.5 s exposure to TiCl4 followed by a 1.0 s
purge, then 1.0 s exposure to water followed by a 1.5 s purge
was used. All coatings were deposited using 50 cycles at
120 C, which produced a coating thickness of 3 nm.
While 50 cycles was adopted for the present study, a number
of tests were also performed on cells coated with 25 and 75
cycle films. These showed comparable (75 cycles) or negli-
gible (25 cycles) improvement. After processing, electrodes
were placed into a 0.3 mM solution of N719 dye (Solaronix)
for 24 h. The cells were then assembled by placing a 25 lm
Surlyn spacer (Solaronix) between the anode and a sputtered
Pt counterelectrode. LiI based electrolyte solution was then
vacuum filled between the electrodes.
Both the ALD coated and control cells were tested using
a 1000 W solar simulator equipped with an AM 1.5 G filter
(Newspec Ltd.). The light intensity was adjusted to 100
mW cm2 using a calibrated Si photodetector (Peccell Tech-
nologies Inc., PECSI01). A black mask with an open area of
0.81 cm2 was attached to the FTO glass facing the solar sim-
ulator. The current–voltage curves were recorded using a
source-meter (Keithley Instruments, Model 2400) controlled
by a custom-made LABVIEW program. The voltage was swept
from 850 to 30 mV in 5 mV steps. Stepped light-induced
transient measurements of photocurrent and voltage (SLIM-
PCV) were also performed on the entire area of the DSSCs
using illumination from a continuous laser (Coherent Lab-
laser, k¼ 635 nm). A small portion of the laser intensity was
stepped down and the induced current transients at short cir-
cuit, and voltage transients at open circuit were recorded
with a fast multimeter (Advantest, AD7461 A). The transi-
ents were fitted with a single exponential function where-
upon the electron diffusion coefficient (D) and electron
lifetime (s) were determined. The electron densities at
identical laser illumination intensities were determined
by a charge extraction method17,18 in which devices are
illuminated and held at open circuit with a potentiostat
before the light intensity is switched off at the same time the
DSSC is switched from open to short circuit. The extracted
current was integrated with the electron density calculated
from the amount of charge extracted and the geometric
dimensions of the TiO2 film. The porosity of the electrode
was not taken into account in calculating the electron den-
sity. The incident photon-to-electron conversion efficiency
(IPCE) of samples was measured by means of an Xe lamp/
monochromator setup. The current response of the cell with
zero applied external bias was determined as a function of
wavelength in the range 300–850 nm. The IPCE was calcu-
lated with reference to a calibrated silicon photovoltaic cell.
Following performance testing, the cells were dismantled
for SIMS and dye desorption analysis. Following removal of
the counterelectrode, the photoanodes were rapidly flushed
with acetonitrile several times to remove electrolyte and
dried with nitrogen. Elemental depth profiling of the photo-
anodes was performed on a dynamic SIMS instrument
(Cameca ims 5f). For this purpose, a Csþ primary ion beam
was rastered over a 250 250 lm2 area and secondary ce-
sium cluster ions (MCsþ) from a 55 lm central region
were detected. Subsequently, the amount of N719 dye incor-
porated in the TiO2 photoanodes was determined by immers-
ing them in 4 ml of 0.1 M NaOH and measuring the solution
absorbance using an ultraviolet–visible spectrometer (Perki-
nElmer Lambda 35).
III. RESULTS AND DISCUSSION
The results of applying a thin amorphous TiO2 layer to
previously formed nanoparticle TiO2 nanoparticle electrodes
are presented in Fig. 1 and Table I. In each case, the control
and coated pairs of samples were selected from the same
batch. The improvements in efficiency were in the range
10%–25%, which were mostly due to increases in Jsc. Simi-
lar efficiency enhancements have been observed for a large
number of test DSSCs in which the TiO2 electrodes were
FIG. 1. (Color) Current–voltage curves for cells used in this study.
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coated by ALD. Some of these results have been reported
elsewhere.16
The effect of amorphous TiO2 thin films on electrode
composition was investigated by means of SIMS analysis on
the dye impregnated photoanodes from dismantled devices.
The Cl and Ru profiles for the coated (144) and control (145)
samples are shown in Fig. 2. Significant differences in these
elements are apparent at sputter times between 0 and 600 s.
The depth extent of these differences was estimated by pro-
filometry to be 1 lm. In this region, increased chlorine was
detected in the sample with the low temperature TiO2 ALD
coating.19 This element, which was present at 1.5 at. %,19
provided a qualitative marker of the depth to which the ALD
film had penetrated the porous TiO2 electrode. The ALD
coated region also exhibited a decrease in the amount of Ru
relative to the constant signal at times >600 s, which indi-
cated less dye was present in the volume coated with ALD
titania. This effect was attributed to the decrease in average
diameter of the coated pores, which in turn reduced the sur-
face area available for dye absorption. In the present study,
the thin ALD coating did not affect the total amount of dye
absorbed in the photoanode (refer to Table I). However,
thicker coatings will eventually lead to closure of the surface
pores that will ultimately prevent dye absorption.
The concentrations of N719 desorbed from the cells are
listed in Table I. No systematic or significant differences in
dye concentrations were observed despite the reduction in
Ru detected in the coated samples. Thus, it seems unlikely
that the improvements in performance shown in Table I are
due to the amount of dye absorbed by the photoanodes.
The diffusion coefficient and electron lifetime versus the
short circuit current density (Jsc) and electron density,
respectively, are shown in Fig. 3. The decreasing electron
lifetimes with increasing electron densities (light intensity)
are attributed to filling of electron traps with photoinjected
electrons.20–22 The ALD top coating improves the electron












144 coated 8.17 780 0.70 4.47 8.5 108
145 control 6.99 775 0.71 3.82 8.0 108
157 coated 8.43 795 0.71 4.78 8.0 108
158 control 6.64 780 0.72 3.72 8.5 108
aNormalized to area of photoanode.
FIG. 2. (Color) SIMS depth profiles for ALD coated (a) and uncoated (b)
TiO2 nanoparticle photoanodes.
FIG. 3. (Color online) Dependence of electron lifetime on electron density
for ALD coated (144 and 157) and uncoated (145 and 158) test cells.
FIG. 4. (Color online) Dependence of electron diffusion coefficient on Jsc
for ALD coated (144 and 157) and uncoated (145 and 158) test cells.
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lifetime at the same electron density by almost an order of
magnitude, which suggests a slower recombination rate
between the photoinjected electrons in the TiO2 and the
acceptor species in the electrolyte (I3 ).
Furthermore, the electron diffusion coefficients at match-
ing short circuit current densities in Fig. 4 were observed to
decrease following ALD deposition, which suggests that the
increased concentration of electron traps in the amorphous
TiO2 ALD layer may be responsible for slower charge trans-
port and increased charge carrier lifetime. The open circuit
voltage at the same electron density was also decreased as
shown in Fig. 5. This effect is attributed to a negative shift
of the conduction band (CB) potential of the TiO2 film
following the ALD top coat. The open circuit voltage (Voc)
of DSSCs is proportional to the electron density in the TiO2
under illumination and in the dark. A higher Voc at matching
electron density is typically interpreted as a shift in the con-
duction band potential23,24 as observed here. At the same
time, the electron density at Voc has increased due to the lon-
ger electron lifetime and higher Jsc, so the Voc under AM 1.5
illumination did not change significantly. The increase in Jsc
following ALD top coat is thought to originate from
improved injection from photoexcited N719 into the TiO2. A
negative shift in the CB potential has been observed, which
increases the driving force for charge injection. Injection
kinetic studies, beyond the scope of this communication, are
required to determine the possible increase in injection
efficiency following ALD TiO2 deposition.
Figure 6 displays plots of IPCE as a function of wave-
length for the cells listed in Table I. At the maximum value
of 530 nm, the IPCE of the ALD coated photoanodes is sig-
nificantly higher than that of the uncoated controls. As the
IPCE is the ratio of the number of charge carriers collected
to the number of photons impinging on the solar cell, these
results suggest that the generation and collection of electrons
is more efficient in the ALD coated photoanodes, which is
reflected in higher Jsc.
IV. SUMMARYAND CONCLUSIONS
Atomic layer TiO2 thin films deposited on DSSCs pre-
pared from a low temperature paste have been shown to
improve their performance. The deposition conditions uti-
lized in the present work produced a film that penetrated to a
depth of 1 lm into the porous photoanode. This approach
significantly reduced the processing time compared with that
required to coat fully the entire TiO2 nanoparticle electrode.
The addition of an amorphous TiO2 layer on the upper sur-
face of the photoanode resulted in an improvement to Jsc and
hence the efficiency of the cell. An improvement in electron
lifetimes showed the interfacial layer acted to suppress elec-
tron recombination. Thus the application of ALD films to
low temperature DSSCs shows potential as an enabling tech-
nology platform to bridge the gap between performance and
process temperature limitations.
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